SecA is found in the cytosol and bound to the plasma membrane of Escherichia coli. Binding occurs either with high affinity at SecYEG or with low affinity to lipid. Domains of 65 and 30 kDa of SecYEG-bound SecA insert into the membrane upon interaction with preprotein and ATP. Azide blocks preprotein translocation, in vivo and in vitro, through interacting with SecA and preventing SecA deinsertion. This provides a measure of the translocation relevance of each form of SecA membrane association. We now report that azide acts exclusively on SecA that is cycling at SecYEG and has no effect on SecA lipid associations. SecA molecules recovered with sucrose gradient-purified inner membrane vesicles ("endogenous" SecA) support translocation at the same rate as "added" SecA molecules bound at SecYEG. Both endogenous and added SecA yield the same proteolytic fragments, which are distinct from those obtained from SecA once it has inserted into membranes at SecYEG or from SecA at lipidic sites. Endogenous and added SecA differ, however, in their resistance to urea extraction. The translocation supported by either endogenous or added SecA is blocked by azide or by antibody to SecY. We conclude that SecA functions in preprotein translocation only through cycling at SecYEG.
Protein export across the plasma membrane of Escherichia coli is catalyzed by preprotein translocase, composed of the integral SecYEGDFyajC complex and the peripheral dimeric SecA ATPase (1) . SecA exchanges between the cytosol, where it is a translational repressor (2) , and the membrane, where it is bound with low affinity to lipids or with high affinity to SecYEG (3) . In the latter state, it is activated for binding preprotein through SecA recognition of both the leader and mature preprotein domains and, for certain preproteins, through the binding affinity of SecA for the SecB chaperone (3) (4) (5) . Upon association with SecYEG, preprotein, and acidic phospholipid, SecA binds and hydrolyzes ATP (6) . ATP binding drives a dramatic conformational change in SecA in which 65-and 30-kDa domains of SecA insert into the membrane and become accessible from its periplasmic face (7, 8) . Inserted SecA is largely shielded from the membrane phase but is in close contact with the transiting polypeptide chain (9, 10) . Insertion of SecA causes movement of a segment of the preprotein across the membrane (11) . SecA then hydrolyzes ATP, releases from the preprotein, deinserts, and even exchanges with soluble SecA molecules (12) . The transmembrane preprotein, when not bound by SecA, can be driven forward by the membrane electrochemical potential (11, 13) . Successive rounds of SecA binding and ATP-driven translocation transfer preproteins across the membrane. Indeed, preproteins have been shown to translocate in a stepwise fashion (14 -16) .
In addition to its association with SecYEG, SecA can also bind acidic phospholipids and insert into the bilayer (17, 18) . Acidic phospholipid association activates ATP hydrolysis by SecA and, in the presence of ATP, causes 38-, 28-, and 21-kDa domains to become resistant to proteolysis (8) . However, SecA alone does not promote preprotein translocation across a pure lipid bilayer, and SecYEG is also required (6, 8) . Thus, the function of SecA-lipid association in translocation is unclear.
Recent studies have revisited several aspects of this current model. Since SecA has preexisting domains of 65 and 30 kDa (8, 12, 19) and the resistance of these domains to proteolytic attack is altered by physiological ligands such as preprotein, ATP, and SecYEG (12, 20, 21) , it has been questioned whether the conformational change of SecA during translocation includes actual insertion across the membrane toward the periplasm (21) . Recently, it has even been proposed that lipid-associated SecA catalyzes preprotein translocation (22, 23) . Finally, the conformations, associations, and specific translocation activity of the endogenous SecA that copurifies with inner membrane vesicles have not been defined.
We now report studies that address these issues. The formation of protease-resistant 65-and 30-kDa SecA domains occurs far more readily in intact membranes, where resistance is seen over a wide range of protease concentrations (7, 8) , than in mixed micellar solution with the same concentration of SecYEG, where these domains are digestion intermediates during proteolysis. Furthermore, sodium azide (NaN 3 ), a translocation inhibitor (14, 24) that acts specifically through SecYEG-bound SecA (24) , affects the stability of membrane-inserted 65-and 30-kDa domains but has no effect on the abundance of lipidinserted SecA. Lipid-associated SecA is largely removed during sedimentation through sucrose, suggesting that the SecA that is endogenous to purified IMVs 1 is associated with SecYEG. This is confirmed by observations that endogenous SecA and added SecA (bound with high affinity at SecYEG) yield similar proteolytic patterns, distinct from that of SecYEG-inserted or lipid-bound forms of SecA. Finally, endogenous SecA is shown to have the same specific activity for translocation and sensitivity to NaN 3 or antibody to SecY as added, high affinity bound SecA, confirming that each is bound at SecYEG. (27) were prepared as described. Histidine-tagged SecEYG (His 6 SecEYG) was purified in a solution of ␤-octyl glucoside/glycerol/E. coli phospholipids, essentially as described by Brundage et al. (28) , although His 6 SecEYG was eluted by a lower salt concentration, as reported by van der Does et al. (21) .
Bacterial Strains-E. coli BL21, genetically altered to overexpress SecYEG (6), SecYEGDFyajC (11), or His 6 SecEYG, 2 were grown in Luria-Bertani broth and, where indicated, induced at A 600 ϭ 0.5 with 1.5% arabinose for 2 h. Cells were harvested (5,000 rpm, 5 min, 4°C), resuspended in an equal weight of 10% sucrose, 50 mM Tris-Cl, pH 7.5, and frozen in liquid nitrogen. IMVs were prepared as described previously (6) . Some membrane preparations were treated with 6 M urea (30 min, 0°C) to remove and inactivate endogenous SecA (25) . Peripherally bound SecA molecules were removed from other IMV preparations by centrifugation through 100 l of buffer S (0.2 M sucrose, 50 mM KCl, 5 mM MgCl 2 , 50 mM Tris-Cl, pH 8.0; 73,000 rpm, 10 min, 4°C, in a TL120.2 rotor; Beckman Optima TLX ultracentrifuge).
Formation of the SecA 65-and 30-kDa Protease-protected Fragments-Ten microliters of 10ϫ buffer B (500 mM KCl, 10 mM dithiothreitol, 500 mM Tris-Cl, pH 7.9), 3 g of SecB, water, an ATP regenerating system (1 g of creatine kinase and phosphocreatine to 10 mM), 10 l of [ 35 S]SecA (7,000 cpm/l), 10 g of IMVs, 1 l of proOmpA (1.5 mg/ml in urea buffer (6 M urea, 1 mM dithiothreitol, 50 mM Tris-Cl, pH 7.9)), and either 2 mM ATP or 2 mM AMP-PNP were added in sequence to a final volume of 0.1 ml. ProOmpA, creatine kinase, and phosphocreatine were omitted when AMP-PNP was added in place of ATP. Where indicated, IMVs were first solubilized in 20% glycerol, 3.75 mg/ml E. coli phospholipids, and 1.25% ␤-octyl glucoside for 30 min on ice (28) and then added to the above mixture. Reactions were incubated at 37°C for 30 min, or at 4°C for 30 min when AMP-PNP served as the nucleotide. NaN 3 (20 mM) was either included in the initial reaction mixture or was added after 20 min. Reactions were then transferred to ice and digested with trypsin (0.1-10 mg/ml) for 15 min. For some samples, either 1% Triton X-100 or 1.25% ␤-octyl glucoside was added immediately prior to trypsinolysis. Trypsinolysis was terminated by the addition of 34 l of 50% trichloroacetic acid. Samples were held at 4°C for 30 min and centrifuged (10,000 rpm, 15 min, 4°C, microcentrifuge). Pellets were resuspended in 1 ml of ice-cold acetone, collected by centrifugation, dissolved in sample buffer, and examined by SDS-PAGE (6) .
Translocation of proOmpA-IMVs (10 g in buffer B, in some cases preincubated for 30 min on ice with 3 g of SecA, 20 g of BSA in a volume of 100 l) were centrifuged through 100 l of buffer S and resuspended in 96.5 l of buffer B with 4 g of SecB, 20 g of BSA, 2 mM ATP, and an ATP regenerating system (as above). Where indicated, either 20 mM NaN 3 , 2 l of anti-SecY COOH-terminal antiserum or antiserum together with the peptide used for antibody induction (2 mg/ml) was added for a 15-min preincubation on ice. Either chemical (3.5 l, 0.9 mg/ml, 8.75 ϫ 10 4 cpm, in urea buffer) or radiochemical amounts of 125 I-proOmpA (1.25 ϫ 10 5 cpm) were added to these mixtures. Translocation was initiated upon transfer to 37°C and terminated by transfer to ice. Samples were digested with 10 l of proteinase K (10 mg/ml) for 15 min. Proteolysis was terminated by the addition of trichloroacetic acid to 15%. Samples were then processed for SDS-PAGE and fluorography.
Other Methods-Protein concentrations were determined using Bradford reagent (Bio-Rad) with a BSA standard. SDS-PAGE used 15% gels (6) . For immunoblotting, proteins separated by SDS-PAGE were electrophoretically transferred to nitrocellulose (Bio-Rad) using a Genie electrophoretic blotter (Idea Scientific, Minneapolis, MN) at 250 milliamps for 1.25 h and probed using an affinity-purified polyclonal antiSecA preparation. Antibody binding was detected by ECL (Amersham Pharmacia Biotech). Densitometry was performed using a Silverscan III scanner (LaCie Ltd., Beaverton, OR) and IPLabH software.
RESULTS

An Intact Membrane Is Required for Full Protease Resistance of the Translocation-related SecA 65-and 30-kDa Domains-
SecA has two folded domains, a 65-kDa NH 2 -terminal domain that includes nucleotide binding domain I as well as a 30-kDa, more COOH-terminal domain (8, 12, 19) . When bound at SecYEG, SecA undergoes a conformational change during translocation, which renders these 65-and 30-kDa domains resistant to protease (7, 8, 11, 12) . This protease resistance requires either preprotein, ATP, and 37°C (Fig. 1A , lane 2, arrows) or AMP-PNP (a nonhydrolyzable analogue of ATP) (lane 3). Protease resistance is lost when the membrane permeability barrier is disrupted by either freeze/thaw or sonication in the presence of protease (but not when such treatments were followed by the addition of protease to the resealed membrane vesicles; Refs. 7 and 8), by the addition of Triton X-100 (7, 8) , or by ␤-octyl glucoside (Fig. 1A, lanes 4 and 5) . When membranes were solubilized in ␤-octyl glucoside, glycerol, and E. coli phospholipids prior to the addition to translocation reactions (conditions that solubilize the intact, native SecYEG heterotrimer (6, 28)) protease-resistant SecA 65-and 30-kDa fragments were not formed (lanes 6 and 7). It has been recently reported that a protease-resistant, 125 I-labeled 30-kDa fragment of SecA can be recovered from incubations of SecA, purified SecYEG in detergent solution, and AMP-PNP at 4°C (21) . Translocation reactions were therefore performed in the presence of AMP-PNP, a 21-fold higher concentration of purified SecYEG in mixed micellar solution, and radiolabeled SecA. Since there is an almost exclusive COOH-terminal distribution of radioiodine in 125 I-SecA, we employed metabolically labeled [ 35 S]SecA to label all domains of SecA (8) . As reported (21), a proteaseresistant SecA 30-kDa fragment (lane 8; open arrow) was generated, although far less was seen in reactions lacking either nucleotide or SecYEG (lanes 9 and 10, respectively). In these experiments, there were numerous additional protease-resistant SecA fragments (lanes 8 and 9). The patterns obtained from digestion of SecA with solubilized SecYEG are reminiscent of the partial tryptic digestions of SecA in solution (8, 19) . Translocation reactions were therefore performed with SecA and purified SecYEG in mixed micellar solution and digested with trypsin (Fig. 1B) . Although the SecA 65-and 30-kDa fragments formed in the presence of intact IMVs, ATP and physiological temperature remained intact over a wide range of added protease concentrations (7, 8) , SecA was completely degraded by 5 mg/ml trypsin in the presence of purified SecYEG (Fig. 1B) . Thus, while SecA in solution can interact with preprotein, ATP (20) , or purified SecYEG in detergent solution (21) , undergoing conformational changes that confer altered protease susceptibility, solubilized SecYEG does not mediate true protection of the SecA 65-and 30-kDa domains from proteolysis. The simplest explanation for the translocationrelated protease protection of the SecA 65-and 30-kDa fragments is the insertion of these domains into the membrane.
NaN 3 Selectively Increases the Inserted Form of SecA at SecYEG but Not SecA-Lipid Association-NaN 3 blocks preprotein translocation both in vivo and in vitro (24) . NaN 3 also dramatically increases the level of the protease-inaccessible SecA COOH-terminal 30-kDa domain under translocation conditions (14) . Proteolytic treatment of complete translocation reactions containing [ 35 S]SecA, ATP, and proOmpA revealed protease-protection of SecA 65-and 30-kDa fragments (Fig. 2,  lane 1) . The levels of these protease-protected SecA fragments were enhanced by NaN 3 (lane 4), while an even larger increase in these SecA fragments was observed when NaN 3 was added after preprotein translocation and the SecA membrane insertion/deinsertion cycle was initiated by ATP (lane 8). Far less protease protection of SecA was observed with NaN 3 in the absence of preprotein or ATP (lanes 5 and 9 and lanes 6 and 10, respectively). NaN 3 acts exclusively on the deinsertion step of the SecA membrane insertion/deinsertion cycle at SecYEG (12, 21, 24) . Thus, azide provides a direct demonstration that SecA membrane cycling is involved in physiological translocation as well as the means for critical analysis of the roles of each form of membrane-bound SecA in translocation (see below).
Lipid-associated [ 35 S]SecA Is Membrane-bound with Only Low Affinity-Tryptic digestion of translocation reactions containing IMVs, ATP, and proOmpA results in the appearance of SecA fragments (8) of 98, 38, and 21 kDa derived from lipidbound SecA (Fig. 3, lane 1, asterisks) in addition to translocation-related 65-and 30-kDa fragments (Fig. 3, lane 1, filled and open arrows). Only the 98-kDa band was detected in reactions without ATP (lane 2), whereas only the 38-and 21-kDa fragments were detected in reactions lacking proOmpA (lane 3). Moreover, the 38-and 21-kDa fragments do not require SecYEG, since they can be generated in the presence of ATP and liposomes (8) . To explore the association of this lipid-bound SecA with the membrane, translocation reactions with [ 35 S]SecA were subjected to centrifugation through sucrose prior to trypsinolysis. Scatchard analysis has shown that low affinity, lipid-bound SecA molecules are removed by such treatment (3). Membrane sedimentation (lanes 4 -6) had little effect on the yield of 65-and 30-kDa tryptic SecA fragments, as compared with samples not sedimented through sucrose (compare lanes 1 and 4). In contrast, substantially decreased levels of the 21-and 38-kDa fragments, each derived from lipidassociated SecA, were apparent (compare lanes 3 and 6) . Thus, lipid-associated SecA is bound with lower affinity and is readily removed by sedimentation, while translocase-inserted SecA remains firmly bound.
"Endogenous" SecA Functions at SecYEG-In addition to added SecA bound to the membrane either with high affinity at SecYEG or with low affinity at lipid, there is additional endogenous membrane-bound SecA (22, 29 -31) . To determine the specific activity for translocation of the endogenous SecA, the amount of SecA in either native or urea-treated IMVs from SecYEG-overexpressing cells was quantitated by immunoblot (Fig. 4A) . Prior to urea treatment, 8 g of SecA were associated -7) , purified His 6 SecEYG (lanes 8 and 9) , or detergent solution (1.25% ␤-octyl glucoside (␤-OG), 20% glycerol, 3.75 mg/ml E. coli phospholipids) alone (lane 10) were incubated with 2 mM ATP (lane 1), ATP and 15 g/ml proOmpA (lanes 2, 4, and 6), 2 mM AMP-PNP (lanes 3, 5, 7, 8, and 10) , or neither nucleotide nor preprotein (lane 9). For incubations with ATP and/or proOmpA, reactions were at 37°C for 30 min (lanes 1, 2, 4, and 6) or, when performed in the presence of AMP-PNP (lanes 3, 5, 7, 8, and 10) , at 4°C for 30 min. In some cases (lanes 4 and 5), 1.25% ␤-octyl glucoside was added after the translocation incubation and immediately prior to proteolysis on ice. In other reactions (lanes 6 and 7), IMVs were first solubilized in 1.25% ␤-octyl glucoside, 20% glycerol, 3.75 mg/ml E. coli phospholipids on ice for 30 min and then added to the translocation reactions. After proteolysis, all samples were precipitated with 15% trichloroacetic acid, acetonewashed (see "Experimental Procedures"), and processed for SDS-PAGE and autoradiography. The black arrow identifies the protease-protected SecA 65-kDa domain, and the white arrow identifies the proteaseprotected 30-kDa domain, while asterisks mark lipid-associated SecA fragments. Molecular weight markers are shown on the right. B, translocation reactions containing [
35 S]SecA and purified His 6 SecEYG were incubated with 2 mM AMP-PNP at 4°C. Reactions were digested for 15 min at 0°C with 0.1-10 mg/ml trypsin as indicated. Samples were processed for SDS-PAGE and autoradiography as above. (lanes 1, 4, and 8) , ATP alone (lanes 2, 5, and 9), proOmpA alone (lanes 3, 6, and 10) or neither (lane 7). Where indicated, 20 mM NaN 3 was added from the onset of the reaction (i.e. during incubation 1; lanes 4 -7) or 10 min after translocation was initiated in the presence of ATP (i.e. during incubation 2; lanes 8 -10) . Arrows and asterisks were as in Fig. 1. with the IMVs per mg of IMV protein, while 7.2 g of SecA remained after urea. Centrifugation though sucrose to remove low affinity bound SecA molecules decreased the SecA associated with native IMVs to 6.5 g/mg of IMV protein, while no further decrease in the SecA content of urea-treated IMVs was observed after sedimentation through sucrose. These values are in good agreement with earlier estimates of the amount of "integral" SecA in IMVs (22) . It should be noted that the membranes are centrifuged over sucrose gradients during IMV preparation (6), serving to further reduce the contribution of nonspecifically bound SecA molecules. Thus, over 80% of the SecA of isolated IMVs exists in a membrane-associated form, which is unaffected by urea treatment or by further centrifugation through sucrose. When these IMVs were incubated with 600 g of SecA/mg of IMV protein followed by centrifugation through sucrose, 124 g of SecA/mg of IMV protein remained membrane-bound, in excellent agreement with previous Scatchard analyses quantitating the high affinity SecA binding sites in SecYEG-overproducing strains (6, 11) . Thus, the exogenous addition of SecA results in a 19-fold increase in specifically bound SecA. In contrast to endogenous SecA, 88% of the SecYEG-bound added 125 I-SecA was removed by urea (not shown).
Translocation rates were compared to determine whether the bound, added SecA caused a proportionate increase in the translocation capacity of the IMVs (Fig. 4B) . Translocation reactions contained 30 g/ml 125 I-proOmpA, a concentration well above the K m (32) , such that the assay reflects maximal translocation velocities. IMVs were incubated with or without SecA, centrifuged through a sucrose solution, and resuspended in translocation mixtures. During a 15-min reaction, those IMVs that had bound added SecA were able to translocate 14 times more proOmpA than those IMVs with only endogenous SecA. When these results were normalized for the amount of bound SecA, the translocation activity of the IMVs with only endogenous SecA resembled that of IMVs preincubated with added SecA (0.18 and 0.11 g of proOmpA/g of SecA, respectively). These results suggest a comparable efficiency of translocation whether driven by the endogenous SecA or by added SecA.
The limited translocation catalyzed by endogenous, membrane-associated SecA could occur either at SecYEG, as for added SecA (6, 8, 11) , or at other membrane sites. To distinguish these possibilities, 125 I-proOmpA was translocated using membranes with only endogenous SecA or using IMVs previously incubated with added SecA. Agents were added that inhibit translocation at SecYEG (Fig. 4C) . Preprotein translocation was observed both with isolated IMVs and upon preincubation of the membranes with SecA (lanes 1 and 5) . NaN 3 selectively affects SecA molecules inserting into the membrane at SecYEG by interfering with their deinsertion and hence causing translocation arrest ( Fig. 2; Ref. 14) . NaN 3 inhibited 125 I-proOmpA translocation in the two IMV preparations (lanes 2 and 6), in agreement with previous reports (14, 24) and indicating that endogenous SecA acts only at SecYEG sites. To further test for the involvement of SecYEG in translocation with endogenous SecA, IMVs were pretreated with antibodies to the SecY COOH-terminal 15 amino acid residues. These antibodies interfere with preprotein translocation in vitro (33, 34) . The addition of anti-SecY antibodies to translocation reactions containing either IMVs with only endogenous SecA or membranes with added SecA blocked translocation (lanes 3 and  7) . The addition of an excess of a synthetic peptide corresponding to the SecY COOH-terminal 15 amino acid residues together with the anti-SecY COOH-terminal antibodies restored substantial translocation (lanes 4 and 8) . Similar results were obtained with radiochemical amounts of 125 I-proOmpA (not shown). Thus, translocation of preprotein occurs at SecYEG, whether catalyzed by endogenous SecA or by exogenously added SecA.
Since both endogenous and added SecA catalyze translocation at SecYEG, the proteolytic pattern obtained from the two SecA pools was compared (Fig. 4D) . Immunoblot analysis of trypsin-treated IMVs using affinity-purified anti-SecA antibody revealed 97-, 70-, 58-, and 40-kDa SecA fragments. A similar proteolytic pattern, but 20-fold more intense, was obtained from membranes with exogenously added, high affinitybound SecA (lane 2). This value is proportional to the enhancement of SecA content and translocation activity. Thus, in addition to SecA 65-and 30-kDa fragments, derived from SecA inserted into the membrane at SecYEG, and 38-and 21-kDa fragments, originating from peripheral, nucleotide-dependent, low affinity interactions with membrane lipids (Fig. 3; Ref. 8 ), additional forms of SecA membrane association exist that give rise to 97-, 70-, 50-, and 40-kDa fragments. Since the added SecA is bound with high affinity at SecYEG, the similar translocation potency, sensitivity to NaN 3 and anti-SecY antibodies, and protease-generated peptide pattern of endogenous and added SecA indicate that the endogenous SecA molecules are also SecYEG-associated. DISCUSSION SecA exists in at least four states: in solution, bound to lipid, bound to SecYEG, and inserted at SecYEG in response to preproteins and ATP (3, 7, 8, 17, 18, 29) . These states are distinct with respect to SecA conformation and function and are reviewed below. Our current studies establish characteristics of these states and their relationship to the endogenous SecA that is isolated with membrane vesicles.
In aqueous solution, SecA is inactive as an ATPase but represses its own translation (2). It is degraded by added proteases, although prominent digestion intermediates of 65 and 30 kDa are seen, suggesting that these represent folded substructures in the protein (8, 12, 19) .
SecA binds readily to abundant low affinity lipidic sites, 1 and 4) , ATP alone (lanes 2 and 5) , or proOmpA alone (lanes 3 and 6) . After 30 min at 37°C, samples were transferred to ice and either immediately digested with trypsin (1 mg/ml, 15 min) (lanes 1-3) or overlaid onto 100 l of buffer S, centrifuged in a Beckman Optima TLX ultracentrifuge (73,000 rpm, 10 min, 4°C, TL120.2), resuspended in 100 l of buffer B, and treated with trypsin (lanes 4 -6). All samples were precipitated with 15% trichloroacetic acid, acetonewashed, and processed for SDS-PAGE and autoradiography.
either in isolated inverted membrane vesicles or liposomes (3, 8, 17, 18, 22) . Lipid binding is accompanied by structural and functional alterations (4, 8) . SecA binds selectively to lipids with acidic head groups and inserts deeply into the fatty acyl phase (17, 18, 35) . In the presence of ATP, SecA domains of 38, 28, and 21 kDa become resistant to proteolysis; since these domains remain resistant to protease when the membrane integrity is disrupted, they are protease-resistant rather than protease-inaccessible (8) . Lipid association can activate the ATPase activity of SecA, while the lipid-activated SecA is labile and can be stabilized by association with the leader and mature domains of preproteins (4, 36) . Acidic lipids are required for the high affinity binding of SecA to SecYEG and for translocation itself (35, 37 ), yet genetic and biochemical studies have shown that SecYEG is also required for translocation (6) and that SecA is shielded from lipids when bound at SecYEG (10, 38) . However, sodium azide, which blocks all translocase-dependent protein export in vivo (24) , acts exclusively on SecYEGassociated SecA to modify SecA catalysis (14) and structure (Fig. 2) rather than on lipid-associated SecA. Thus, the role of SecA lipid binding in translocation remains unclear.
The third state of SecA is bound at SecYEG (3). High affinity binding is stoichiometric (8, 10, 11) , requires both the SecYEG and acidic lipids, shields SecY from added protease (13) and is accompanied by a conformational change to yield proteaseresistant fragments of 97, 70, 58, and 40 kDa (Fig. 4D) . SecYEG-bound SecA has a far higher affinity for preproteinSecB complex than SecA in solution (3), thus favoring the membrane targeting of preproteins to the translocase. The fact that SecA requires acidic lipids for binding to SecYEG yet is largely shielded from acidic lipids when bound at SecYEG (38) suggests that SecA might associate with acidic lipids as a necessary step toward SecYEG association.
The fourth state of SecA is bound at SecYEG and inserted into the membrane. Insertion is triggered by the binding of ATP and preprotein to SecYEG-bound SecA and is assayed by the inaccessibility of 65-and 30-kDa domains of SecA to proteolysis from the cytoplasmic membrane surface (7, 8) or to lipid-embedded photoactivable cross-linkers (10) . Azide, by blocking deinsertion, dramatically enhances the yield of membrane-inserted SecA (14) . The 65-and 30-kDa domains are prefolded in solution (19) , where their susceptibility to proteolysis can be influenced by binding ATP or detergent-solubilized SecYEG (20, 21) . However, several independent experimental approaches suggest that the conformational change of SecA at SecYEG in response to ATP and preprotein represents true membrane insertion rather than merely protease-resistant folding. 1) Both the 65-and 30-kDa domains are resistant FIG. 4 . Endogenous SecA can translocate preprotein at SecYEG sites. A, the SecA content of purified IMVs (20 g), in some cases pretreated with urea and/or sedimented through buffer S, as well as that of IMVs with bound, added SecA, were determined by quantitative immunoblot analysis. To bind SecA, IMVs (5 g; in some cases pretreated with urea) were incubated with 3 g of SecA and 20 g of BSA in 100 l for 30 min on ice and sedimented through buffer S. SecA was assayed by quantitative immunoblot using a standard curve of 0.08 -1 g of purified SecA. B, IMVs (10 g, lanes 1 and 2; in some cases incubated with 3 g of SecA and 20 g BSA in 100 l for 30 min on ice, lanes 3 and 4), were sedimented through buffer S. The membranes were resuspended in translocation reactions containing 30 g/ml of 125 I-proOmpA and incubated at 37°C. Aliquots were removed after 0 and 15 min, transferred to ice, and digested with proteinase K (1 mg/ml, 15 min). Undigested 125 I-proOmpA was examined by SDS-PAGE and autoradiography and densitometrically quantitated. Experiments performed with IMVs with only endogenous SecA were exposed to film for 9 h (lanes 1 and 2) , whereas experiments with membranes preincubated with SecA prior to translocation were exposed for 180 h (lanes 3 and 4) . C, native IMVs (10 g; lanes [1] [2] [3] [4] , in some cases preincubated with added SecA as above (lanes 5-8), were sedimented through sucrose. The membranes were resuspended in translocation reactions as described under "Experimental Procedures." In some cases, 20 mM NaN 3 (lanes 2 and 6), 2 l of anti-SecY C-terminal antiserum (lanes 3 and 7) , or antiserum together with the peptide against which the antibodies were raised (2 mg/ml) (lanes 4 and 8) were added for 15 min on ice followed by 125 I-proOmpA (30 g/ml, 8.75 ϫ 10 4 cpm, in urea buffer). Translocation was initiated upon transfer to 37°C and terminated by transfer to ice after 20 min. Samples were digested with 10 l of proteinase K (10 mg/ml) for 15 min and processed for SDS-PAGE and fluorography. Lanes 1-4 were exposed 20-fold longer than lanes 5-8. D, IMVs (40 g) were digested by trypsin (lane 1) or preincubated with 3 g of SecA and 20 g of BSA in 100 l for 30 min on ice, centrifuged through 100 l of buffer S, and resuspended in 100 l of buffer B prior to digestion by trypsin (lane 2). The samples were subjected to SDS-PAGE, transferred to nitrocellulose paper, and probed using affinity-purified anti-SecA polyclonal antibodies. The immunoblot of membranes containing proteolyzed endogenous SecA was exposed to film for 100 s (lane 1), while the immunoblots of membranes preincubated with SecA prior to proteolysis were exposed to film for 5 s (lane 2). Molecular weight markers are shown on the right.
to digestion by up to 10 mg/ml protease K or trypsin in intact membranes, but resistance to even lower concentrations of protease is lost upon membrane disruption by either detergents such as Triton X-100 or ␤-octyl glucoside or by freeze/thaw or ultrasound ( Fig. 1 ; also Refs. 7 and 8). 2) Solubilization of the membranes under conditions that preserve the integrity of the SecYEG complex prevents formation of protease-resistant 65-and 30-kDa domains, while the protease resistance of these domains in micellar solution is quite limited, requires far higher concentrations of SecYEG, and is lost at high protease concentrations (Fig. 1). 3) Specific regions of SecA are accessible from the periplasmic membrane surface to membrane-impermeable probes (30, 31, 39). 4) . Cross-linking studies show that SecA is adjacent to intramembrane regions of the transiting preprotein chain (9). 5) Mutations in secY encoding intramembrane and periplasmic regions show allele-specific genetic interaction with secA and profoundly influence the SecA cycle of membrane insertion and deinsertion (40). 6) SecA can interact with SecY fragments that originate from a transmembrane region (41) .
When added to translocation reactions, SecA assumes conformations corresponding to the four states described above. However, SecA can be recovered with inverted inner membrane vesicles after isolation by isopycnic sucrose gradient centrifugation. What then is the relationship of this endogenous SecA to these four states of SecA? Several lines of evidence suggest that it is largely bound at SecYEG in a similar manner to high affinity-bound added SecA. Each shows the same characteristic pattern of protease-resistant fragments (Fig. 4D) . Each has similar specific activities for translocation (Fig. 4B) , each is susceptible to functional inhibition by azide or by antibody to SecY (Fig. 4C) , and each is bound in a manner that is stable during membrane reisolation (Fig. 4A) . Indeed, the very technique of sedimentation through sucrose that is employed in vesicle isolation removes SecA that is bound via low affinity lipid associations (Fig. 3) . However, the resistance of endogenous SecA to extraction by urea suggests that it may be in contact with additional membrane elements, and further study will be needed to identify these elements. Although our studies show that endogenous SecA functions with SecYEG to promote proOmpA translocation, they do not rule out additional functions of SecA at other sites that might promote the membrane insertion of at least some other proteins.
Chen et al. (22, 23) have characterized the fragments derived from the proteolysis of SecA that had been added to membrane vesicles prepared from SecA-depleted cells. They found that certain fragments are even protected from digestion in the absence of ATP, preprotein, or membranes. These authors proposed that translocation does not occur at SecYEG but rather at translocation pores in the membrane formed, in part, by some of the reported translocation-independent, protease-resistant SecA domains. While we too observe the formation of various protease-resistant, membrane-associated SecA fragments ( Fig. 4D; Ref. 8) , it has been shown that only the SecA 65-and 30-kDa SecA fragments require SecYEG, nucleotide, preprotein, and physiological temperatures (i.e. the natural ligands of translocation) for protection from protease (7, 8) . Indeed, upon initiating translocation (Fig. 4A of Ref. 22) , these authors also detect the formation of SecA 66-and 29-kDa fragments, most likely corresponding to our 65-and 30-kDa fragments. The SecA 65-kDa fragment reacts with antibodies to amino acid residues 8 -20 of SecA, showing that that this 65-kDa fragment begins near the NH 2 -terminal of the protein (8), as confirmed by Chen et al. (23) . Since radiolabel in 125 ISecA is not detected in the 65-kDa fragment (8), the 30-kDa protease-protected fragment must lie beyond the first 65 kDa of the 102-kDa SecA protein. Indeed, characterization of the SecA 30-kDa fragment showed it to begin at amino acid residue 610 (19) . The protease protection of the SecA 65-and 30-kDa fragments is affected by azide ( Fig. 2; Ref. 14) and inhibited by preincubation of the IMVs with anti-SecY antibodies (not shown), treatments that interfere with the translocation of preprotein ( Fig. 4C ; Refs. 14, 24, 33, and 34). Furthermore, formation of the 30-kDa protease-protected fragment is correlated with an inversion of SecG membrane topology (42) and occurs concomitant with forward movement of the translocating preprotein (27) . Therefore, we conclude that protease protection of the SecA 65-and 30-kDa fragments is a translocation-related event.
Recent progress in understanding the roles of SecA in translocase raises new questions for future studies. For instance, might SecA first associate exclusively with the lipid and only then move to SecYEG? Determination of the folded structure of SecA in each of its four states will be essential for a more chemical understanding of role of SecA in the translocation reaction; recent progress in determining the solution structure of SecA 3 is a major advance in this direction.
